A sequential injection analysis (SIA) system for the determination of SCN -ion using a microfluidic polymer chip with an embedded SCN -ion-selective electrode (SCN --ISE) as a detector was developed. Under the optimal flow conditions of the SIA system, the SCN --ISE showed a good linear relationship between peak heights and logarithmic concentrations of SCN -ion with a Nernstian slope of 59.4 ± 3.8 mV decade -1 in a concentration range from 1.0 × 10 -5 to 1.0 × 10 -1 mol dm -3 . Sample throughput of the present system for the determination of SCN -ion was approximately 12 samples h -1
Introduction
Thiocyanate has been extensively used for various purposes, such as dyeing, photography, medicine, catalysis, prevention of erosion, etc. Thiocyanate is also the end product of the detoxification of cyanide compounds, and is excreted in urine, saliva and serum. The thiocyanate content in human saliva is considered to be a biomarker for identification of nonsmokers and smokers. The association between tobacco smoke exposure and critical illness is not well studied, largely because obtaining an accurate smoking history from critically ill patients is difficult and biomarkers can provide quantitative data on active and secondhand cigarette smoke exposure. 1 Thiocyanate containing waste discharged into rivers is harmful to aquatic life due to its degradation to cyanide in the presence of oxidants. For these reasons, there is a need to develop a useful analytical method for the determination of thiocyanate, featuring high accuracy, high sensitivity, high selectivity and easy analytical operation. Existing determination methods for thiocyanate, including those based on spectrometry, 2,3 fluorometry, 4 atomic absorption spectrometry 5 and ion chromatography, 6 .7 require expensive instrumentations. Furthermore, the procedures in these methods are time-consuming and complicated. Potentiometry by using thiocyanate ion-selective electrodes (SCN --ISEs) is an advantageous analytical method for the determination of SCN -ion because the procedures are simple, and SCN --ISEs are applicable to colored and turbid samples. [8] [9] [10] [11] A novel poly(vinyl chloride) matrix membrane ISE for flow injection analysis (FIA) of SCN -ion has already been reported.
11
A linear relationship between the SCN -concentrations and FIA signals was obtained over a concentration range of 1.0 × 10 -5 to 1.0 × 10 -2 mol dm -3 with a near-Nernstian slope (-55.9 ± 0.2 mV decade -1 ). However, the normal size Ag/AgCl reference electrode in the flow system was used, and a considerable volume of carrier solutions were consumed and discharged.
Microfluidic chip technologies [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] have attracted much attention because of lower consumption of reagents and smaller sample volumes. However, the detection systems for the microfluidic chips still remain large in size, compared with the chips themselves. Potentiometry using ISEs holds promise as a detection method using microfluidic chips because minimization of ISEs is possible while maintaining the same level of selectivity and sensitivity, that is, the sensitivity of ISEs does not depend on their size. However, only a few studies regarding microfluidic chips with embedded miniaturized ISEs have been reported. [15] [16] [17] [18] [19] [20] [21] We have already developed a new microfluidic polymer chip with an embedded NO3 --ISE and a Na + -ISE as a reference electrode, where a channel on the chip was prepared by using a small-diameter wire as a template of the channel. 21 Recently, sequential injection analysis (SIA) has been recognized as an effective technique to satisfy the requirement of routine water analysis because SIA offers the advantages of automatic operation, high sample throughput and low consumption of a reagent. [22] [23] [24] [25] The use of potentiometric detectors such as ISEs in SIA systems has been reported in recent years. [25] [26] [27] [28] [29] [30] [31] [32] From the advantages of both the SIA system and microfluidic chips with embedded miniaturized ISEs, the combination of the SIA system with the microfluidic chip with an embedded SCN --ISE, which we have developed as a detector, is expected as an ideal automated analytical method for the determination of SCN -ion. In this paper, we propose the SIA system for the determination of SCN -ion using our microfluidic chip with an embedded SCN --ISE as a detector.
Experimental
Chemicals Tridodecylmethylammonium chloride (TDMA) from Sigma-Aldrich Japan Co. was used as an anion exchanger for SCN --ISEs. Sodium tetrakis [3,5- 
Fabrications of SCN --ISEs, Na + -ISEs and microfluidic polymer chip integrated with a SCN-ISE detector
A SCN --ISE as an indicator electrode and a Na + -ISE as a reference electrode were fabricated and were integrated into a microfluidic polymer chip in a similar manner as reported in a previous paper. 21 A sensing membrane solution for the SCN --ISE was prepared by dissolving NPOE (2.0 mL), PVC (0.4 g) and TDMA (0.154 g) in 10 mL of tetrahydrofuran (THF) in a beaker. The SCN --ISE was fabricated by coating a bare metal part of the BEAMEX-S wire (diameter of bare metal part: 0.65 mm, o.d. 1.45 mm, standard type irradiated polyethylene wire from Furukawa Electric Co., Ltd.) with a plasticized PVC membrane containing the anion exchanger by dipping it into the above sensing membrane solution several times. A sensing membrane solution for the Na + -ISE was prepared by dissolving NPOE (0.20 mL), TFPB (4.6 mg), B12C4 (10 mg) and PVC (0.10 g) in 3.0 mL of THF. The fabrication of the Na + -ISE was conducted in the same manner as that of the SCN --ISE by using the same BEAMEX-S wire.
The chip design of a polymer-based microfluidic chip detector with the embedded SCN --ISE and the Na + -ISE as a reference electrode was the same as that described in our previous paper. 16, 17, 19, 21 The diameter and effective length of the channels in the polymer-based microfluidic chip were 0.5 mm f and 4.0 cm, respectively. The distance between the SCN --ISE and the Na + -ISE was 1.5 cm. Channels of the polymer-based microfluidic chip were fabricated using polystyrene plates (ITEM 70128 500, Tamiya Co., Ltd., Japan) and stainless-steel wires (diameter approximately 0.5 mm, SUS304-W1, Waki Industrial Co., Ltd., Japan) according to our method. 12, 16, 17, 19, 21 Procedures of the determination of SCN -ion using the SIA system Figure 1 shows a schematic diagram of the SIA system used in this work. The protocols of the experimental procedures are shown in Table 1 . The SIA system was composed of a syringe pump (Carvo X Calibur Pump, Tecan Japan Co.), a two-way port valve (Carvo Smart Valve, Tecan Japan Co.), a holding coil (i.d. 0.5 mm × 480 cm), a six-port selection valve (Carvo Smart Valve, Tecan Japan Co.), a mixing coil (i.d. 0.5 mm × 10 cm), a polymer-based microfluidic polymer chip detector, a potentiometer (COM-20R, TOA-DKK), a recorder (LR 4120, Yokogawa Co.) and a personal computer. After washing the teflon tubing and the microfludic polymer chip with a carrier solution (a 0.02 mol dm -3 KH2PO4 + 0.0133 mol dm -3 Na2HPO4 phosphate buffer solution, pH 6.7), 350 μL aliquot of a sample solution, which was prepared by mixing the SCN -ion solution with the same phosphate buffer solution used as the carrier solution, was aspirated into the holding coil. The syringe pump was pushed up and the carrier and sample solutions in the holding coil were moved forward to the mixing coil via port 1 of the selection valve. During this procedure, a sample solution plug in the holding coil was overlapped with the carrier solution in the holding coil. Finally, the zones, which are in the holding coil, were directed to the microfluidic polymer chip detector through the mixing coil.
The protocols of the experimental procedures shown in Table 1 were performed by a personal computer using a homemade software program. When the sample solution was introduced into the SCN --ISE detector in the microfluidic polymer chip, the potential difference between the SCN --ISE and the Na + -ISE as a reference electrode was monitored with the potentiometer and recorded as a peak signal.
Results and Discussion

Response characteristics of SCN --ISE
The TDMA-based SCN --ISE showed an almost Nernstian response with slope of -60.4 ± 3.3 mV decade -1 (n = 6) for SCN -ion in the concentration range from 1.0 × 10 -5 to 1.0 × 10 -1 mol dm -3
. The lower detection limit for SCN -ion was 6.0 × 10 -6 mol dm -3 . The response speed of TDMA-based SCN --ISE was almost the same as that of traditional ISEs. The selectivity of the TDMA-based SCN --ISE with respect to SCNion against common anions was examined using a separate solution method. 33 Potassium salts were used for selectivity coefficient measurements in order to eliminate their contributions to the Na + -ISE as the reference electrode. The selectivity coefficient values (log k pot SCN -, X -) listed in Table 2 indicate that the selectivity of the SCN --ISE was in agreement with the Hofmeister anion series, which is correlated with hydration energies of the anions.
Effect of sample volume on sensitivity to SCN
-ion In order to examine the effect of sample volume on sensitivity (peak height) of the SCN --ISE detector to a SCN -ion, a sample solution at 1.0 × 10 -3 mol dm -3 was introduced into the microfluidic polymer chip by the SIA technique. In this case, the sample solution was aspirated into the holding coil at a volume of 50 to 575 μL, and was delivered to the detector through the mixing coil (i.d. 0.5 mm × 10 cm) with the carrier solution at a volume of 2450 to 1925 μL. Therefore, the sum of the volume of the carrier solution and that of the sample solution was 2500 μL. The peak height and peak width gradually increased as the sample volume increased up to 350 μL. However, for sample volumes larger than 350 μL, the shape of the peak changed to a trapezoid, and the peak heights were approximately constant value and the peak widths increased further. These results indicate that the dispersion coefficient of the sample in the SIA system was nearly equal to 1.0 and the dead volume of the detector was negligibly small when the sample volume was larger than 350 μL.
Since sample throughput decreased as the sample volume increased, we determined optimal sample volume to be 350 μL by considering both sensitivity and sample throughput. -2 M CH3COONa were used as the carrier solutions. As a result, when the phosphate buffer solution was used as the carrier solution, the SCN --ISE detector to SCN -ion showed the widest dynamic range of the calibration curve among the three carrier solutions examined and the nearest slope sensitivity to the theoretical value. Next, the effect of concentration of the phosphate buffer solution (pH 6.7) on the sensitivity and the dynamic range of the calibration curve of the SCN --ISE detector to SCN -ion was examined. Phosphate buffer solutions consisting of 0.02 M KH2PO4 + 0.0133 M Na2HPO4, 0.002 M KH2PO4 + 0.00133 M Na2HPO4, and 0.0002 M KH2PO4 + 0.000133 M Na2HPO4, were used as the carrier solutions. As concentration of the phosphate buffer solution decreased, the dynamic range of the calibration curve was narrower and the limit of detection for SCN -ion was higher. Based on these results, we used a phosphate buffer solution (pH 6.7) consisting of 0.02 M KH2PO4 + 0.0133 M Na2HPO4 as a carrier solution. Figure 2 shows calibration peaks for SCN -ion obtained under the optimal conditions described above. A linear relationship (γ = 0.997) was found to exist between peak heights and logarithmic concentration of SCN -ion with a Nernstian slope of 59.4 ± 3.8 mV decade -1 (n = 6) in a concentration range from 1.0 × 10 -5 to 1.0 × 10 -1 mol dm -3 under the optimal conditions described above. The graph equation is Y = (59.4 ± 3.8)X + (334.5 ± 14.0) for SCN -ion. Where, Y is the peak height in mV unit and X is the logarithmic molar concentration of SCN -ion in the injected sample solution. The lower limit of detection, defined as the S/N = 3, was approximately 7.0 × 10 -6 mol dm -3 . The relative standard deviations of the peak heights examined by 10 injections of the 1.0 × 10 -5 and 1.0 × 10 -4 mol dm -3 SCNions were 8.1 and 3.7%, respectively. Sample throughput for the determination of SCN -ion was around 12 samples h -1
Effects of pH and concentration of the carrier solution on the sensitivity and the dynamic range of the calibration curve of the SCN --ISE detector to SCN -ion
Calibration curve for SCN -ion obtained by using a microfluidic polymer chip with an embedded SCN --ISE in the SIA system
. The SCN --ISE detector does not exhibit hysteresis over repetitive injection. This means that the response signals returned to the initial baseline potential after injection of the sample solution.
The SCN --ISE can be used for about 2 weeks at least without showing a deterioration in performance due to long-term use when SCN --ISE was stored in air atmosphere. Furthermore, if the microfludic polymer chip with the embedded SCN --ISE shows deterioration in performance during long-term use, the ISE can be easily replaced with a new one.
Effect of coexisting ions in the sample solution on the determination of SCN
-ion Human saliva samples contain several common ions. Therefore, the effect of common ions on the determination of SCN -ion should be examined in order to apply the present method for the determination of SCN -ion in real samples. The effects of coexisting ions on the determination of 1.0 × 10 -4 mol dm -3 SCN -ion are shown in Table 3 . Table 3 indicates that the coexistences of Cl -ion, HPO4 2-ion, F -ion, SO4
2-ion and CH3COO -ion at 100 times, Br -ion and NO3 -ion at 50 times excess to SCN -ion did not interfere with the determination of SCN -ion. The order of interference by coexisting ions on the determination of SCN -ion is similar to that expected from the selectivity coefficients obtained by the separate solution method.
Application of the SIA system for the determination of SCN
-ion in human saliva samples Table 4 shows the results of a recovery test for SCN -ion added to human saliva samples, obtained by using a calibration curve of the SCN --ISE detector in the present SIA system. Human saliva samples were provided by two volunteers who were smokers. Prior to collection of saliva samples, donors washed their mouths with water three times. The collected saliva samples (3.0 mL) were diluted with distilled and deionized water to 10 mL. The diluted saliva solutions were centrifuged at 4000 rpm for 20 min and 1.0 mL of aliquot of the supernatant was diluted with distilled and deionized water to 10.0 mL. For all of the human saliva samples examined in this work, the recovery of SCN -ion was roughly 94 -103%. The result indicates that there is little matrix effect on the determination of SCN -ion in human saliva samples. Table 5 shows comparisons between the concentration of SCN -ion in human saliva samples obtained by the proposed SIA method, and that by the spectrophotometric method. 3 The analytical results of SCN -ion in human saliva samples were in good agreement with those obtained by the spectrophotometric method. The concentration of Na + ion in human saliva samples was 6.7 -26.1 mM. 7 The concentration of SCN -ion in human saliva samples was 0.14 -3.54 mM. 7 Na + ion will not interfere with the determination of SCN -ion in human saliva samples because the concentration of Na + ion in human saliva samples was diluted with distilled and deionized water to less than that in the carrier solutions. These results mean that the present SIA system is applicable for the determination of SCN -ion in human saliva samples. 
Conclusions
A plastic microfluidic polymer chip with an embedded SCN --ISE and Na + -ISE was used as a detector for SCN -ion in an SIA system. The present SIA system offers the advantages of decreased use of reagents and lower sample volumes, as well as more automated operations compared with other analytical methods. The chip-based ISE detector in the present SIA system has the advantages of decreased use of reagents and lower waste volumes, compared with a typical size SCN --ISE attached to a typical size flow-through electrochemical cell. The present SIA system is useful for the determination of SCN -ion in human saliva samples. 
